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ABSTRACT
We study how different opacity-temperature scalings affect the dynamical evolution
of irradiated gas clouds using time-dependent, radiation-hydrodynamics (rad-HD)
simulations. When clouds are optically thick, the bright side heats up and expands,
accelerating the cloud via the rocket effect. Clouds that become more optically thick
as they heat accelerate ∼ 35% faster than clouds that become optically thin. An
enhancement of ∼ 85% in the acceleration can be achieved by having a broken pow-
erlaw opacity profile, which allows the evaporating gas driving the cloud to become
optically thin and not attenuate the driving radiation flux. We find that up to ∼ 2%
of incident radiation is re-emitted by accelerating clouds, which we estimate as the
contribution of a single accelerating cloud to an emission or absorption line. Re-
emission is suppressed by “bumps” in the opacity-temperature relation since these
decrease the opacity of the hot, evaporating gas, primarily responsible for the re-
radiation. If clouds are optically thin, they heat nearly uniformly, expand and form
shocks. This triggers the Richtmyer-Meshkov instability, leading to cloud disruption
and dissipation on thermal time-scales.
Key words: radiation: dynamics - hydrodynamics - stars:massive - stars: winds,
outflows - quasars: general - X-rays: galaxies
1 INTRODUCTION
Gas clouds appear in many astrophysical systems such as
the interstellar medium (ISM), integalactic medium (IGM)
and active galactic nuclei (AGN). In AGN, X-ray studies
show that observed column densities are variable, suggest-
ing that the torus and broad line region is clumpy and very
dynamic (e.g. Krumpe, Markowitz & Nikutta 2014, Ramos
Almeida & Ricci 2017 and references therein). Likewise
multi-wavelength observations of galactic winds from ra-
dio to X-ray find multi-component, multi-temperature out-
flows of gas and dust (e.g Veilleux et al. 2005 and refer-
ences therein). In some contexts (Tombesi et al. 2015), an
important avenue of study is what physical processes are
responsible for accelerating the clouds? In other cases, the
important question is how efficiently is energy deposited
from the radiation field to the gas?
The key to modeling these systems is understanding
the radiation and gas coupling. When the gas is mostly neu-
tral, the coupling is dominated by bound-free interactions,
whereas when it is ionized the interactions are dominated
by free-free processes. Photoionization calculations (see for
? sdyda@ast.cam.ac.uk
example Iglesias & Rogers 1996) show that opacity is a
complex function of gas density and temperature. Before
we introduce sophisticated microphysics into our models,
such as Compton heating/cooling, radiation pressure due
to spectral lines or dust we aim to understand how dif-
ferent opacity scalings as a function of temperature affect
cloud dynamics.
We consider an opacity parametrized by a power-law
κ = κ0
(
T
T0
)−s(
ρ
ρ0
)n−1
, (1)
where T and ρ are the temperature and density respec-
tively and the 0 subscript denotes some fiducial value. The
powerlaw indices s and n encapsulate the microphysics re-
sponsible for the gas opacity.
Previous numerical simulations have studied clouds in
different physical regimes. For example, Proga et al. (2014,
hereafter P14) used the Kramers form of opacity, s = 3.5
and n = 2 to study cloud evolution in the broad line region
of AGN. They found the clouds, which are optically thick
to absorption, disperse before they can move more than a
few cloud radii. Zhang et al. (2018, hereafter Z18) studied
the evolution of dusty clouds in rapidly star-forming galax-
ies where radiation flux is dominated by the IR. They used
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an opacity scaling with s = −2 and n = 1 and found that
clouds can be significantly accelerated without being dis-
persed. The scaling of opacity with temperature in these
two studies is different, leading to qualitatively different re-
sponses from the irradiated cloud. In P14, as the cloud ab-
sorbs radiation, it heats up and because s > 0 becomes less
optically thick, thereby slowing down the heating. In con-
trast, the Z18 case has s < 0, so cloud heating is a runaway
process as opacity increases with temperature.
These earlier cloud models used a simplified, power-law
expression for the opacity (1). Photoionization calculations
have shown that the Roseland mean opacity is not mono-
tonic, with features due to H, He and Fe. The iron opacity
peak has been shown to be important in the structure and
stability of massive star envelopes (Jiang et al. 2015) and
AGN discs (Jiang, Davis & Stone 2016). On either side
of these features the opacity scaling changes sign, poten-
tially affecting the cloud dynamics. To build an intuition
for models where opacity is computed self consistently with
photoionization codes, we study cloud acceleration mod-
els where opacity scales like (1) for different temperature
power-law scalings s.
Our models consist of over-dense, cold, spherical clouds
in pressure equilibrium with a dilute, hot, ambient gas ir-
radiated from one side. We consider two sets of simulations
exploring the effects of the temperature scaling of cloud
opacity. In one set of models, we keep the optical depth
of the cloud constant but vary κ0. In another set of mod-
els we keep the opacity of the ambient gas fixed, and vary
the optical depth of the cloud. In all our models the cloud
is initially optically thick and the ambient gas is optically
thin.
We find two types of behaviour: clouds can balloon out-
ward or they may accelerate away from the radiation source.
The former occurs if the cloud becomes optically thin and
thus heats nearly uniformally, as in the P14 models. The
later occurs if the cloud remains optically thick and heats
non-uniformally, accelerating the cloud via the rocket effect
(Oort & Spitzer 1955, hereafter OS55) as hot gas evapo-
rates away, as in the Z18 models (see also Mellema 1998 and
references therein). Based on the intuition developed from
these power-law opacity models, we then consider models
where the opacity scaling with temperature changes sign at
a critical temperature, to model the effect of a “bump” in
the opacity (see for example Fig 5.2 in Hansen et al. 2004).
We find that this can change the heating rate or accelera-
tion efficiency, but that it does not qualitatively change the
dynamics.
The outline of our paper is as follows. In Section 2, we
describe our numerical setup for modeling the clouds. In
Section 3.1, we describe our main results for clouds with
monotonic dependence of opacity on temperature and in
Section 3.2 describe results for models with broken power-
law opacity, simulating a feature in the opacity profile. In
Section 4, we discuss applications of this work, in particular
to modeling clouds in the broad line region of AGN and for
heating gas in the IGM. We conclude in Section 5 where
we discuss the physical processes we would like to include
in future simulations of clouds as well as the prospects for
studying multi-cloud systems.
2 NUMERICAL METHODS
We performed all numerical simulations with the devel-
opmental version of the radiation magnetohydrodynamics
(rad-MHD) code Athena++ (Stone et al. in prep), a re-
write of the MHD code Athena (Gardiner & Stone 2005,
2008), optimized for adaptive mesh refinement and various
modules incorporating new physics including, crucially for
this work, radiation transport (Jiang, Stone & Davis 2012,
2014). The basic physical setup is a 2D box with initially
constant gas pressure, centered on an over-dense spherical
cloud. Radiation flux enters the box along a fixed direction,
which is assumed to be emitted from a far away blackbody,
hotter than the gas. The radiation causes the cloud to heat,
accelerate and shear, depending on the strength of the opac-
ity. We describe our setup in more detail below.
2.1 Basic Equations
In dimensionless form the basic equations for single fluid
hydrodynamics coupled to a radiation field are
∂ρ
∂t
+∇ · (ρv) = 0, (2a)
∂(ρv)
∂t
+∇ · (ρvv + P) = −PSr(P), (2b)
∂E
∂t
+∇ · ((E + P )v) = −PCSr(E), (2c)
where ρ, v are the fluid density and velocity respectively
and P is a diagonal tensor with components P the gas pres-
sure. The total gas energy is E = 1/2ρ|v|2 + E where
E = P/(γ − 1) is the internal energy. The isothermal
sound speed is a2 = P/ρ and the adiabatic sound speed
c2s = γa
2. The temperature is T = (γ − 1)Eµmp/ρkb where
µ = 1.0 is the mean molecular weight and other symbols
have their standard meaning. The radiation source terms
Sr and Sr(E) are calculated from the difference between
the angular quadratures of the specific intensity I(n) along
unit vecotrs n in the lab frame before and after adding the
source terms (see Jiang, Stone & Davis 2019). To provide
some physical intuition, the radiation source terms are at
lowest order in v/c
Sr(P) = − (σs + σa)Fr +O (v/C) (3a)
Sr(E) = σa
(
T 4 − Er
)
+O (v/C) , (3b)
where the radiation energy density and flux are
Er = 4pi
ˆ
IdΩ, (4a)
Fr = 4pic
ˆ
nIdΩ, (4b)
and the absorption and scattering cross sections are σa and
σs respectively and the integrals are over all solid angles Ω.
2.2 Initial Conditions
Initially the box is in hydrostatic equilibrium with gas pres-
sure P0 and a circular cloud at the center of the grid with
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density profile
ρ = ρ0 +
ρ1 − ρ0
1 + exp(10(r − 1)) , (5)
where ρ1 = 200ρ0 is the maximum cloud density and r =
(x/x0)
2 + (y/y0)
2. Here x0 = y0 = 0.05 is the radius of
the cloud. Because the higher density cloud is in pressure
equilibrium with the ambient gas, its temperature is less
than T0.
Our setup is meant to simulate a cloud far from the
radiation source. Using Athena++ one can assume light
is emitted isotropically for point sources, for rays along an-
gles computed from the algorithm described in Lowrie et
al (1999). Crucially, these rays are never parallel to coordi-
nate axes, so to simulate plane parallel radiation we study
cloud acceleration in a rotated coordinate system. We set
our radiative sources to lie along the left and bottom parts
of the box and have four, uniformly distributed rays in the
2D plane parallel to the diagonals of the box (i.e. we set the
code parameter nang = 4). This setup allows us to resolve
the rectangularly shaped “shadow” behind optically thick
clouds irradiated by a plane parallel source. If only one side
of the box is radiating, the shadow is not well resolved,
being triangular in shape, becoming more rectangular as
additional rays are used to trace the radiation. The price
to pay for this setup is the cloud accelerates diagonally, so
we describe all our results in the coordinate system rotated
by 45◦ in the clock-wise direction. All our analysis is per-
formed in the rotated coordinate system where radiation
enters from the left, −x side of the box and the cloud accel-
erates to the right in the (+x) direction. We also measure
radiation exiting the top +y and bottom −y of the box.
The other issue is that for the radiation flux Fr = F0xˆ
to correspond to a unidirectional beam of radiation emit-
ted by a blackbody at temperature Tbeam, we require the
temperature of the isotropically emitting boundary to be
Tiso = 2
5/8Tbeam. We want to simulate clouds radiatively
accelerated by a blackbody at temperature Trad = 2T0, im-
plying an intensity Ibeam = 16I0. Therefore the intensity at
the left and lower boundaries are set to I = 25/2Ibeam =
90.51I0. These are more technical issues, and in the remain-
der of this paper we will refer to radiation of temperature
Trad = 2T0.
Radiation is coupled to the gas via an absorption coef-
ficients σa = ρκ. Substituting our parameterization for the
opacity (1), the absortion coefficient is
σa = σa,0
(
T
T0
)−s(
ρ
ρ0
)n
. (6)
For simplicity, we set the scattering coefficient σs = 0. In
our fiducial model the absorption coefficient σa,0 = 0.1 and
the optical depth of the cloud is initially τa = 2xoσa = 2.
In one set of simulations we vary the power-law coefficient
s but keep σa,0 = const, thus effectively varying the cloud
optical depth τa. In the second set of models, as we vary s
we keep the optical depth τa = const. and thus vary σa,0.
In all cases the absorption optical depth of the ambient gas
τa,g 6 0.1, so we refer to it as optically thin.
On the top and right sides of the box we impose outflow
conditions on the gas variables and vacuum conditions on
the radiation. Along the bottom and left side of the box we
keep density and pressure kept fixed at ρ0 and P0 respec-
tively, while ensuring velocity is conserved when we perform
this update.
Our simulation uses dimensionless parameters, but for
AGN clouds reasonable parameters might be cloud tem-
perature T0 = 2.44 × 106K and the cloud density is
ρ0 = 1 g cm
−3. The pressure is then P0 = ρ0T0kb/µmp =
2.02×1014erg cm−3, where we assumed µ = 1. The isother-
mal sound speed a0 =
√
P0/ρ0 = 1.42×107cm s−1 and the
adiabatic soud speed cs =
√
γa0 = 1.83 × 107cm s−1. The
dimensionless speed of light C = c/a0 = 2.1 × 103 and the
ratio of radiation pressure to gas pressure P = arT 40 /P0 =
10−3.
3 RESULTS
We investigate models with a variety of opacity coeffi-
cients of the form (6), with power-law scalings ranging from
−1 6 s 6 1 and n = 2. We describe the basic physics gov-
erning the dynamics of these monotonic power-law models
in Section 3.1. The behaviour of these models is qualita-
tively different because as the cloud heats from the incident
radiation, the opacity decreases (s = −1), remains constant
(s = 0) or increases (s = 1).
More realistic modeling using photoionization codes
find that gas opacity is not a simple power-law but has
features due to specific chemical elements, notably H, He
and Fe. In Section 3.2 we investigate the effect of such fea-
tures by studying models where the opacity is a broken
power-law, turning over from s = −1 to s = 1 at a critical
temperature Tc. As the cloud heats, this turnover in opacity
can allow the evaporating gas to become optically thin and
potentially avoid the runaway heating that leads to cloud
dispersal in our models with simple power-law scaling of
opacity.
3.1 Monotonic Power-law Opacity
We explore the effects of temperature dependence on opac-
ity for power-law scalings of the form (6). A summary of our
models is shown in Table 1, where we indicate the relevant
parameters such as cloud optical depth τa, absorption cross
section σa,0, power-law scaling s and the sign of the opac-
ity slope ∂σa/∂T . We also list the various time-scales of the
model, the diffusion time tdif = 4x
2
0σt/C and the thermal
time tth = P/(PCErσa) in units of the sound crossing time
tsc = 2x0/cs. Finally we list the qualitative behaviour of the
cloud due to irradiation. For clouds undergoing significant
acceleration we list the velocity of the core v and center of
mass vcm at representaitve time t = 0.6 and when the cloud
has mass m = 2/3m0 remaining.
We summarize our results with snapshots of the density
(Fig. 1) and temperature (Fig. 2) for models with −1 6
s 6 1 and either τ = const (three leftmost columns) or
σa,0 = const (three rightmost columns). Our fiducial model
(center column) has s = −1, an initial cloud optical depth
τ = 2 and σa,0 = 0.1. In this regime the cloud is optically
thick for the duration of the simulation, since it is initially
optically thick and s < 0 ensures that opacity increases as it
heats. Clouds exhibit different qualitative behaviour across
the parameter space of models. The clouds can accelerate
© 2019 RAS, MNRAS 000, 1–11
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Opacity Properties Timescales [tsc] t = 0.6 m = 2/3m0
Model τa σa,0 s ∂σa/∂T tdif tth Summary v vcm v vcm
tau-1 2.0 1.0× 10−1 −1 > 0 8.6× 10−5 1.4× 10−3 Rocket 0.79 0.38 0.64 0.30
tau0 2.0 5.0× 10−4 0 = 0 8.6× 10−5 1.4× 10−3 Balloon - - - -
tau+1 2.0 2.5× 10−6 1 < 0 8.6× 10−5 1.4× 10−3 Balloon - - - -
sigma0 4.0× 102 1.0× 10−1 0 = 0 1.7× 10−2 6.7× 10−6 Rocket 0.58 0.54 0.6 0.41
sigma+1 8.0× 104 1.0× 10−1 1 < 0 3.4× 100 3.4× 10−8 Rocket 0.59 0.60 0.57 0.50
Table 1. Summary of monotonic opacity cloud models. We indicate the cloud optical depth, τa, the absorption cross section σa,0, the
opacity power-law scalings on temperature s (see equation (6)). We list the corresponding diffusion tdif and thermal tth time scales
in units of the sound crossing time tsc and a qualitative description of the dynamics. For clouds undergoing rocket acceleration we
indicate the cloud core velocity v and center of mass velocity vcm of the cold gas at representative time t = 0.6s and when the cloud
has evaporated to m = 2/3m0 of its initial mass.
via the rocket effect or diffuse away like a balloon (see also
P14, models A40 and A10 respectively).
In Fig 3, we plot some dynamical variables of the cloud
models as a function of time. The top panel shows the radi-
ation flux exiting the far boundary Frx, normalized to the
flux entering the domain Fr,0. The second panel shows the
minimum radiation flux exiting the far boundary Frx,min
i.e the radiation passing through the most optically thick
part of the cloud. The third panel shows the total cloud
mass M (solid line) and the maximum cloud density ρmax
(dashed line). Here we define gas to be part of the cloud
when T < T0 i.e. the gas is cold, relative to the ambient
gas. The fourth panel shows the center of mass position of
the cloud (i.e the cold gas) xcm (solid line) and the position
of the cloud core x i.e., position of the density maximum.
The second to last row of panels shows vcm (solid line) and
v (dashed line) in the xˆ direction. The bottom panels shows
the cloud kinetic energy EK (solid line), thermal energy Eth
(dashed line) and radiation energy Erad (dotted line).
A useful time scale for this problem is the sound cross-
ing time, tsc. Since it is fixed across our models, it is natural
to use it to compare the various other time-scales to.
We see two qualitatively different behaviours, based on
the hierarchy of the thermal and diffusion time. When the
cloud heats non-uniformally it accelerates via the rocket
effect. Diffusion through the cloud is slow compared to the
rate of heating, tdif & tth. The irradiated side heats up and
the back-reaction of this evaporating gas accelerates the
cloud. When the cloud heats uniformally the gas expands
outwards like a balloon. Physically this regime requires pho-
tons to diffuse through the cloud faster than they can heat
it, that is to say tdif . tth. Since tth/tdif ∼ τ−2a , this occurs
when the cloud is optically thin.
Models sigma s (three leftmost columns of Fig 1) are
initially optically thick and remain so throughout the simu-
lation, irrespective of the sign of s. To become optically thin
the cloud density and temperature would have to respec-
tively decrease and increase to the ambient backgrounds
values. This is not possible, and therefore these models
remain optically thick throughout the entire simulation.
Clouds undergo acceleration via the rocket effect and exit
the simulation in approximately the sound crossing time.
We consider two possible metrics for quantifying the cloud
acceleration. The cloud velocity v is defined at the density
maxima whereas the center of mass velocity vcm is the den-
sity weighted velocity over all cold gas, that is to say with
T < T0. As figures of merit we list v and vcm at t = 0.6
in Table 1. We see a slight dependence on the tempera-
ture scaling and v, with the highest velocity acheived for
s = −1. In this model, cloud opacity increases as it heats,
thereby increasing evaporation rate as it is irradiated by
an ever increasing flux (second row of Fig 3). The higher
evaporation rate allows the core to be irradiated by higher
levels of flux (due to a decreased column density from the
higher evaporation rate) which leads to a higher accelera-
tion and thus larger cloud velocity. At t = 0.6 for instance
s = −1 cloud has v ∼ 35% faster than the other models.
The evaporating gas however is not heated as much as in
the other models because of a decreased flux through the
cloud atmosphere (top row of Fig 3). Consequently, much
of the evaporating gas with v < 0 is not heated above T0
and thus makes a negative contribution to vcm. This results
in the s = −1 model having vcm ∼ 35% slower center of
mass velocity than the other models. This effect is less pro-
nounced for the s = 0 case, resulting in vcm ∼ 10% slower
than the s = 1 case. We can summarize by saying when
s > 0 the evaporating cold gas is more optically thick than
for s 6 0 and shields the cloud core from radiation and
reduces v. However, this evaporating gas is more quickly
heated and makes a smaller negative contribution to the
center of mass velocity resulting in a higher vcm than when
s 6 0. Models with s > 0 thus have a similar v and vcm,
whereas models with s 6 0 efficiently accelerate their core
increasing v but conservation of momentum dictates that
evaporating cold gas efficiently acquires a large fraction of
this velocity thereby reducing vcm.
To further quantify the efficiency of the rocket effect for
accelerating clouds, we compare velocities after the cloud
has evaporated to m = 2/3m0 of its initial mass. Both the
core and center of mass velocities are listed in Table 1. By
this metric the cloud opacity plays little role in determin-
ing the acceleration of the core. The s = −1 model is only
∼ 10% higher velocity than model with s > 0, which is ex-
pected from our intuition from the rocket equation as pro-
posed by OS55. The authors modified the standard deriva-
tion of the rocket equation as applied to an irradiated cloud
© 2019 RAS, MNRAS 000, 1–11
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and found
v = ve ln
(
m
m0
)
, (7)
where m0 is the initial cloud mass and ve the velocity of
the evaporating gas. For a fixed mass loss, the velocity is
set by ve. Approximating ve ≈ cs for the hot gas, when
m = 2/3m0 we expect v ∼ 0.4cs = 0.52a0, which agrees
with our result to within ∼ 20%. The energy density in the
radiation field is much larger than the kinetic and thermal
energy, which are nearly in equipartition. This equipartition
is what we would expect from gas evaporated from other
objects such as a disc or a star with a thermal wind.
Models tau s (two rightmost columns of Fig 1) are ini-
tially optically thick but this changes as the clouds heat
since s > 0. The radiation diffuses through the cloud faster
than it causes the cloud to evaporate, so the radiation en-
ergy density in the cloud is nearly uniform and the whole
cloud heats approximately at the same rate. We can see
this as well from the plot of radiation flux exiting the right
boundary. Models tau0 and tau+1 have nearly all their flux
passing through the cloud a short time after the start of the
simulation, whereas tau-1 needs about half the simulation
time for the flux to exit. The qualitative behaviour of the
cloud thus depends on the optical depth of the cloud.
As radiation saturates the cloud, it heats up, causing
the central part to expand outwards (t = 0.5). The acceler-
ating, over dense cloud contacts the stationary, less dense
ambient gas producing a shock (t = 1.0). This triggers the
Richtmyer-Meshkov instability (RMI, see Brouillette 2002
for a review), producing cold, dense fingers around the
cloud. The instability induces a reverse-shock, causing the
cloud to recollapse (t = 1.5) after which the cloud slowly
dissipates. We see this from the plot of position where the
cloud core x undergoes damped harmonic motion but the
cold gas center of mass essentially remains at xcm ≈ 0. After
the initial expansion phase generated by the radiation, the
evolution of the cloud is primarily driven by pure hydrody-
namics. This is characteristic of the (RMI) being a purely
hydrodynamic instability, that only requires an accelerating
dense medium and is agnostic of the particular acceleration
mechanism. We tested this by turning off the radiation field
after triggering the initial cloud expansion and found that
cloud evolution was largely unchanged. We see a clear hier-
archy of scales in the energy, with Erad  Eth  EK, con-
sistent with what we expect for a nearly stationary cloud
that evaporates as energy is transfered from the radiation
field to the gas.
Opacity Properties t = 0.6 m = 2m0/3
Model Tc [T0] s1 s2 v vcm v vcm
Tc1/4 1/4 −1 1 1.56 0.40 1.96 0.47
Tc1/2 1/2 −1 1 0.85 0.56 0.98 0.65
Tc3/4 3/4 −1 1 0.84 0.51 0.87 0.54
Tc∞ ∞ −1 − 0.79 0.38 0.64 0.30
Table 2. Summary of broken power law opacity cloud models
which all accelerate via the rocket effect. We indicate the critical
temperature Tc, the power law scalings of the absorption cross
section s1 and s2 (see equation (8)). We list the cloud core ve-
locity v and center of mass velocity vcm at representative time
t = 0.6 and after the cloud mass has decreased to m = 2/3m0
as a metric for acceleration efficiency.
3.2 Broken Power-law Opacity
We consider models where the absorption cross section is a
broken power law,
σa =
σa,0
(
T
T0
)−s1 ( ρ
ρ0
)n
T < Tc,
σa,0
(
Tc
T0
)s2−s1 (
T
T0
)−s2 ( ρ
ρ0
)n
T > Tc,
(8)
where s1 < 0 < s2 so that the cloud opacity initially in-
creases with temperature but may avoid runaway heating
and dissipating away by turning over at the critical tem-
perature Tc.
We set τa = 2 and choose s1 = −1 and s2 = 1. The
critical temperature is chosen as 1/4 T0 6 Tc 6 3/4 T0.
In addition, we can consider the monotonic model tau -1
as a limiting case with Tc = ∞. A summary of the broken
power-law models are listed in Table 2, as well as the core
and center of mass velocities at representative time t = 0.6
and cloud mass m = 2/3m0.
All clouds in these models accelerate via the rocket ef-
fect as described in the previous section. Models with lower
critical temperature have lower temperature evaporating
gas, with the atmosphere in case Tc = 1/4 most closely re-
sembling the balloon behavior of optically thin monotonic
models. Our goal is to quantify how the acceleration effi-
ciency has been affected by introducing a turnover in the
opacity scaling, as would be the case if there is an opacity
bump.
In Fig 4 we plot v (top panels) and vcm (bottom panels)
as a function of elapsed time (left panels) and cloud mass
(right panels) for different critical temperatures Tc. We find
that decreasing the critical temperature leads to an increase
in the core velocity. For example, at t = 0.6 the Tc1/4 cloud
is 85% faster than the other models. Evaporating gas from
the cloud, and thus accelerating it, requires heating gas to
T ∼ Tc. For lower critical temperature the necessary energy
deposition required to heat the gas to Tc is lower. There-
fore a fixed radiation flux can achieve a higher acceleration.
Unlike with monotonic models, the largest cloud velocity is
achieved in the case of the most optically thick cloud. In
other words, despite the reduced flux incident on the cloud
core because of a more optically thick atmosphere, the ac-
celeration is still higher because the cloud atmosphere tends
to heat to T ∼ Tc, and thus have a higher ve, when evap-
orating. Any additional heating beyond T ∼ Tc causes the
© 2019 RAS, MNRAS 000, 1–11
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Figure 1. Summary of models with monotonic opacity law showing density (green scale) and velocity vectors (grey scale) in units of the
sound speed at representative moments in time in seconds (top right of each panel). Radiation flux enters from the left boundary and
interacts with the cloud. The fiducial model with σa,0 = 0.1 and τa = 2 is in the center column. Models to the left have constant initial
cloud optical depth τa and models to the right have constant ambient gas opacity σa,0. When clouds heat non-uniformally (models
to the left) they accelerate via the rocket effect whereas models that heat nearly uniformally (models to the right) cause the cloud to
balloon and dissipate.
evaporating gas to become more optically thin and tends to
stop subsequent heating of the atmosphere as the coupling
between radiation and gas is weakened. The lower Tc cases
thus have a denser, colder and hence more optically thick
atmosphere (since s = −1 for T < Tc).
Similarly, after considering the cloud mass as a proxy
for acceleration efficiency we find that decreasing the crit-
ical temperature increases the core velocity at fixed mass.
This is simply a consequence of gas ceasing to heat above
T ∼ Tc. The Tc1/4 cloud effectively evaporates gas to accel-
erate it core, but this gas remains cool T < T0. It therefore
remains part of the overall cloud mass budget and gives the
impression that this case is much more efficient at accelerat-
ing clouds. When we consider the center of mass velocity, we
find that the broken power-law models have vcm 50− 100%
faster than the monotonic model Tc∞. We thus conclude
that the broken power-law models, by both metrics, are
more efficient at accelerating cold gas.
4 DISCUSSION
Cloud acceleration can be either momentum or energy
driven, depending on which quantity is tranfered from the
radiation field to the cloud. Either regime can be achieved
in a variety of ways. Momentum can be imparted on the
cloud via a pure scattering coefficient, as in P14 (see their
models S10 or S200). Alternatively, in Z18 clouds are mo-
mentum driven (see their model T1L) in a pure absorption
regime since Tr = Tg ensures there is negligible heat trans-
fer. The momentum transfered to the cloud is a function of
the incident flux - the optically thick case differs from the
optically thin case only by an attenuation factor (see for ex-
ample equation (25) in Z18). For constant incident flux, as
studied in these models, this means that momentum driven
acceleration will be approximately constant. Finally, when
Tr > Tg clouds can be accelerated via the rocket effect.
When clouds are too diffuse or the absorption too strong
clouds will disperse before any significant acceleration (P14
case A10) or accelerate reach roughly the sound speed be-
fore dispersing (P14 cases A40 or A80).
We have sought to bridge the regimes explored in pre-
vious numerical simulatons of cloud acceleration, by fully
considering different temperature dependencies on opacity.
We found the RMI is triggered when clouds become opti-
cally thin and the rocket effect can be enhanced when clouds
become more optically thick.
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Figure 2. Same as Fig 1 but showing logarithmic temperature contours (color). When clouds heat non-uniformally (models to the left)
they accelerate via the rocket effect whereas models that heat nearly uniformally (models to the right) cause the cloud to balloon and
dissipate.
The energy driven regime requires a non-zero absorp-
tion cross section and a sufficiently massive, optically thick
cloud that can absorb hot radiation. P14 studied the case
where τ  1, whereas this work considered the cases where
τ & 1. We can see our clouds are energy driven by com-
paring the radiative momentum flux incident on clouds and
the cloud mass flux, FrA/C m˙v where we have Fr ∼ 16,
A ∼ 0.1, m˙ ∼ 3 and v ∼ 0.5. Such energy driven winds (see
Faucher-Gigue`re & Quataert (2012) and references therein)
are supported by observations of AGN that find outflows
carry more momentum flux than the radiation field driving
them.
Clouds accelerate via the rocket effect, so velocity in-
creases logarithmically (see equation 7 and OS55). If the
cloud is insufficiently massive, it dissipates before undergo-
ing significant acceleration as in model A10 of P14. If the
cloud is not optically thick, it heats uniformally and ex-
pands like a balloon (models tau0 and tau1 of this work).
Both momentum and energy driven clouds dissipate as a re-
sult of their acceleration. In the momentum driven case, the
cloud is shredded by the slower moving, ambient medium.
The energy driven cloud dissipates as it is the very gas that
is evaporated and responsible for acclerating the cloud.
We found that optically thin clouds heat uniformally,
which causes them to expand and trigger the RMI. Because
of our initial mass distribution, this occurs in a circular ge-
ometry. Z18 found that clouds are unstable to a Rayleigh-
Taylor type instability, which they resolved in their highest
resolution runs (T0.01L) with reduced gas pressure. Like-
wise they found clouds to be Kelvin-Helmholtz unstable in
the case of a hot ambient gas “shredding” clouds (see also
Klein et al. 1994; Poludnenko et al. 2002). These findings
generally support the conclusion that clouds have a variety
of mechanisms by which to dissipate and therefore have a
finite lifetime.
We investigated whether the presence of a “bump” in
the opacity could alter cloud lifetime. In order for a cloud to
change from the accelerating rocket regime to the expanding
balloon regime the optical depth of the cloud must transi-
tion from optically thick to thin. Consider a cloud that is
marginally optically thick, τi & 1 which heats isobarically
and has s1 < 0. If the temperature doubles Ti → Tc = 2Ti,
then the opacity changes by a factor 2n+s1 . If the opacity
is a powerlaw, and s1 > 0 then we find the cloud evolves
in the balloon regime. Suppose that at temperature Tc, the
opacity function has a break as in (8). A similar doubling
of the temperature, T → 2Tc will decrease opacity by a
factor 2n+s2 . For the cloud to re-enter the optically thick
regime, we need s2 & 2n + |s1|. With our choice of pa-
rameters, we would need s2 = 5, a far steeper power law
than say Krammers s = 3.5. The steepness of the power-law
can be reduced by having a greater temperature change as
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Figure 4. Broken power law models for critical temperatures Tc = 1/4 T0 (red), 1/2 T0 (green) and 3/4 T0 (blue). We also include
the monotonic model tau-1, denoted Tc = ∞ (black). Points are plotted in the range 0 6 t 6 0.75 in intervals ∆t = 0.01. Center of
mass velocity vcm (top panels) and core velocity v (bottom panels) as a function of time (left panels) and cloud mass (right panels).
At early times, center of mass velocities are approximately equal but at late times modesl with 1/2 6 Tc/T0 6 3/4 are approximately
50% faster.
the cloud thickens, but this range is limited by the initial
cloud/medium density contrast. We conclude that except
for perhaps some finely chosen area of parameter space it is
challenging to change from the optically thin balloon regime
to the optically thick rocket regime. We note however than
when the transition temperature is low, say Tc = 1/4 we
did see ballooning of the expanding atmosphere, though the
cloud core still underwent rocket acceleration.
In Fig 5 we plot the radiation exiting the simulation
through the top of the box. The top panel shows the spa-
tial distribution of radiation as a function of time (color
contour) for the case tau-1. We superimpose the center of
mass xcm position (blue dashed line). We see that approxi-
mately 10% of the incident flux is reprocessed by the cloud
and re-emitted perpendicular to the incident flux. The core
of the cloud itself is not emitting, as we see the low emission
regions are well tracked by the center of mass. The bottom
panel shows the total luminosity exiting the top of the box,
normalized to the incident luminosity for tau-1 (blue), tau0
(green) and tau+1 (red). In all cases the reprocessed emis-
sion is ∼ few %. This is what we expect from purely geomet-
ric considerations, since this cloud has a covering fraction of
10%, so we expect ∼ 1/4 of this radiation to be re-radiated
out the top part of the box or L ∼ 2.5%L0. It peaks at
∼ 0.2 s, which corresponds to the time when the initial
transient phase of gas evaporation from the cloud occurs.
It then decreases roughly linearly with time before dropping
to zero as the cloud exits the simulation domain. This flux
0.5
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Figure 5. Radiation exiting the domain perpendicular to the
cloud motion for sigma1 (red), sigma0 (green) and tau-1 (blue).
We do not plot ballooning cloud cases because the outgoing flux
is negligible . 10−5 incident flux. Top - Radiation flux out the
top of the box as a function of time, normalized by the flux
incident from the left side, for the tau-1 model. The dashed line
indicates the location of the cloud center of mass. The space-
time distribution of flux is similar in all cases of an accelerating
cloud. Bottom - Total luminosity exiting the top of the box as a
function of time.
is purely reprocessed emission, since the incident flux was
perpendicular to it. We can estimate that the cloud is re-
processing ∼ 1% of the incident radiation, and re-emitting
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it isotropically. We can thus estimate the line emission and
absorption from a single cloud to be approximately 1%. In
the case of an optically thin cloud, the emission is on the
order of ∼ 10−5, even for the case with highest opacity
(sigma0). This is consistent with what we expect since as
the cloud heats to T0 the optical depth decreases by ∼ 103,
so we expect the amount of reprocessed radiation to drop
by a similar factor.
The broken power-law models show a nearly factor
∼ 10 drop in re-emitted flux. As seen from the spatial dis-
tribution of re-emitted flux, most radiation is coming from
the hot, evaporating gas. Introducing a cutoff Tc means that
this hot gas is less optically thin and therefore reprocesses
less incident radiation.
5 CONCLUSION
We have studied the dynamics of a single cloud absorbing
radiation from a distant source. We find the cloud behaves
in two qualitatively different ways. If the cloud is optically
thin, it heats nearly uniformally and expands like a balloon.
If the density of the heated gas is higher than of the ambi-
ent gas, this triggers the Richtmyer-Meshkov instability and
leads to cloud dissipation. If the cloud is optically thick, it
heats preferentially on the radiated side and gas evapora-
tion accelerates the cloud via the rocket effect. The velocity
growth is logarithmic, quantitatively different from the lin-
ear growth seen in the regime where the radiation and gas
are in thermal equilibrium as studied in Z18.
We could not qualitatively alter the behaviour of clouds
using broken power-law opacities - accelerating clouds could
not be made to balloon and ballooning clouds could not be
made to accelerate. We estimate such a qualitative change
in behaviour would require a very steep, s ∼ 5 opacity tem-
perature dependence. However the efficiency of cloud accel-
eration can be increased if hot gas is more optically thin,
as gas evaporating from the cloud no longer absorbs inci-
dent radiation. These results suggest that features in the
opacity profiles due to certain chemical elements can affect
cloud dynamics.
After having modeled the dynamics of a single cloud,
we are in a position to simulate multiple clouds in a dy-
namic environment. Proga and Waters (2015, see also Wa-
ters and Proga 2019) have shown how clouds can form via
thermal instability from initial perturbations. Using this
initial setup we can form clouds in situ and study their evo-
lution in a periodic box. We expect clouds to dissipate as
they accelerate/balloon away and reform again via thermal
instability. One possible scenario is finding a quasi-steady,
multi-phase solution as predicted by Krolik McKee & Tarter
(1981). We may then characterize the covering fraction of
such a system, as measured by observations of AGN tori.
We find that with the rocket effect it is difficult to ac-
celerate clouds much beyond the sound speed v & cs. How-
ever, as we have shown features in the opacity profile can
effectively make the evaporating gas optically thin, which
allows it to stay cool relative to the ambient gas. If this
cool gas, reforms clouds via thermal instability, it may be
possible to accelerate cold gas beyond the sound speed after
multiple cycles of acceleration and condensation.
We have assumed clouds are initially in hydrostatic
pressure balance. Around AGN, radiation pressure from
the central object is expected to be important is accelrat-
ing clouds, so an equally compelling initial condition is one
where the cloud is in pressure equilibrium between its in-
ternal gas pressure and the external radiation field (see for
example Dopita et al. 2002). A fundamental question is to
explore how the dynamics of these clouds may be different
from those initially in thermal pressure equilibrium. This is
particularly an important question for AGN, where radia-
tion pressure is expected to be an important wind driving
mechanism.
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